Cell death and its deregulation characterize numerous human diseases. Here, we report on real-time noninvasive monitoring of UV light-induced cell death by the deflection of a probe beam. UV light of 330 -370 nm from a highpressure Hg lamp illuminated cultured HepG2 cells, and at the same time a probe beam from a diode laser was passed through a vicinity of the HepG2 cell. The deflection signal of the probe beam, which was induced by changes of the concentration gradients in processes of the active materials movements across the cell membrane, was monitored. It was found that the deflection signals changed greatly after UV illumination, suggesting that the materials movements across the cell membrane were greatly affected by the UV illumination. After UV illumination of about 5400 -7400 s at a light power of 0.028 W/cm 2 , the deflection signals became little changed with time, suggesting that the living cells had been killed by the UV illumination. This conclusion agreed well with cell viability determinations of the traditional trypan blue method.
Introduction
The real-time monitoring of cell death is becoming ever more important because cell death and its deregulation characterize numerous human diseases. 1 Also, the real-time monitoring of cell death is very useful in studies of anticancer drug, 2 and bacteria/viruses-caused cell death. 3 Nowadays, a lot of methods have been developed for detecting cell death. Most of them are optical microscopy-based techniques with dye staining. 1 Although microscopy-based techniques allowed for visual observation of cell appearance before and after death, they are not convenient in the real-time monitoring of cell death. Other techniques are based on the detection of signals or chemicals related with the cell-death process with various analytical methods, 1,4-5 but limited methods are applicable to the real-time noninvasive monitoring of cell death.
Recently, we have developed a noninvasive diagnosing method for a single living/dead cell by using the deflection of a probe beam. 6 In this study, a laser probe beam was passed though the vicinity of the cell membrane, and its deflection was monitored. When the cell was alive, active movements of materials across the cell membrane induced changes in the concentration gradients close to the cell membrane.
Changes in the concentration gradient generated changes of the refractive index gradient of the medium, which in turn generated deflection of the laser probe beam. However, for a dead cell, little or no active material movements across the cell membrane occurred, and thus little or no changes in the deflection of the probe beam occurred. The method was further experimentally verified to be useful for the fast hazard identification of a chemical and UV light at the single-cell level. 7 When a toxic hazard existed, a living cell was killed or injured, or else cellular behaviours were greatly changed. Then, the changing deflection signal from the living cell would become unchanged, or changed in a different way.
In previous deflection detection experiments concerning the cytotoxity of UV light, 7 cell lines of HepG2 in a culture dish were illuminated with UV-visible light for a certain time period. Then, the culture dish was moved to the deflection detection system, and deflection signal of the probe beam was monitored. The experimental results showed that UV light of 330 -370 nm had a highly toxic effect on the HepG2 cells, and could kill them. On the other hand, because UV illumination and deflection detection were carried out separately, the dynamics and insights concerning the cell death process, for example, when the HepG2 cells were killed and how the materials movements across the cell membrane changed during UV illumination, were unknown.
In this work, UV-illumination was directly introduced into the deflection detection system to real-time monitor UV lightinduced cell death. A high-pressure Hg lamp was used as the UV-light source, and HepG2 cells were used as model cells. As a result, the UV light-induced death process of the HepG2 cells was real-time noninvasively monitored by the method.
Experimental
The experimental set-up for the method is shown in Fig. 1 . Basically, it involved the combination of a modified deflection detection system and a UV-illumination system. The modified deflection detection system included the following modifications in comparison with the reported one. [6] [7] Two mirrors (mirror 1 and mirror 2) and a half mirror were introduced into a microscope (CK40, Olympus, Japan), as shown in Fig. 1 . Mirror 1 was fixed at the bottom of the microscope so that the probe beam from a diode laser (output power, 3 mW; wavelength, 667 nm) could be directly introduced into an objective lens. Mirror 2 and the half-mirror were fixed on the platform of the microscope. The probe beam was focused (spot size of about 3 -5 μm) to the cell membrane/culture medium interface of a cultured HepG2 cell by the objective lens (N.A.: 0.1). An X-Y microstage was used to adjust the distance between the laser beam and the cell membrane. The distance between the laser beam centre and the cell membrane was about 2 -3 μm. The probe beam exited from the culture dish was reflected by the half-mirror, and then focused to the centre of a bi-cell photodiode with a lens. The photocurrents, i1 and i2, from two sides of the bi-cell photodiode were input into an electric calculating circuit, where (i1 -i2)/(i1 + i2) was calculated, and finally converted into electric voltage (volt) as outputs of the deflection signal.
The original illumination part of the microscope was withdrawn, and a high-pressure Hg lamp (USH-500D, Ushio Inc.) was used as the UV light source. The light from the Hg lamp was firstly passed through a 10-cm water filter for adsorbing infrared light so as to prevent the temperature from rising in the culture dish. After passing through the water filter, the light was passed through a band-pass filter, which allowed light of 330 -370 nm to pass through. The 330 -370 nm UV light was reflected by mirror 2, and then passed through the half-mirror, and finally illuminated the cells in the dish. The power of the UV light at the culture dish was determined to be 0.028 W/cm 2 with a light power-meter. The human hepatoblastoma cell line HepG2 was used throughout this work. Culture mediums used were Dulbecco's Modified Eagle (DME) medium (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS), 0.2% sodium bicarbonate, 10 mM N-2-Hydroxyethylpiperazine-N′-2-Ethane Sulfonic Acid (HEPES), 2 mM glutamine, and 0.06 mg mL -1 kanamycin. The cells were grown and adhered onto the bottoms of the culture dishes at 37 C in humidified air containing 5% CO2. 8 The viable and non-viable cell densities were conventionally determined by the trypan blue exclusion method using a Neubauer improved hemocytometer (Erma, Tokyo, Japan). Trypan blue was purchased from Dojindo (Kumamoto, Japan).
Results and Discussion
In order to real-time monitor the UV light-induced death process of the HepG2 cells, the UV illumination system was directly combined to the deflection detection system. The original illumination part of the microscope was withdrawn so that UV light of 330 -370 nm from the high-pressure Hg lamp could be easily introduced to illuminate the cells in the culture dish. In order to prevent the UV light from directly entering the deflection detector, the probe beam was introduced into the microscope from the bottom of the microscope, and reflected to the deflection detector with the half-mirror after exiting from the culture dish, as shown in Fig. 1 .
Because changes in deflection signal with time were used for diagnosing living/death of a cell in the method, 6 background of the deflections (BD), i.e., changes in the deflection signals in the culture solution without cells were firstly investigated. In a deflection study of a plant, 9 difference between the maximum and minimum of the deflection signals in monitoring periods of 1000 s was used as a measure to evaluate changes of the deflection signals at different locations of the plant. Here, the difference between the maximum and minimum of the deflection signals in the culture solution without cells during a monitoring time of 1000 s was considered to be the BD. Figure 2 shows 3 typical monitoring results of the HepG2 cells by the deflection method. The deflection signals at the vicinity of the cells were firstly monitored for about 600 s without UV illuminations. Because the changes in the deflection signals with time during 0 -600 s were much larger than the BD, all of the 3 cells monitored were alive. Then, the UV illuminations started, and the deflection signals were monitored. It could be seen that the deflection signals changed in different ways during 600 -6000 s in comparison with those during 0 -600 s. The changes during 600 -6000 s were even larger than those during 0 -600 s. This meant that the concentration gradients in the vicinity of the cell membrane had been changed greatly due to UV illumination. In other words, the UV illumination greatly affected the mass transfer across the living cell membranes. On the other hand, changes in the deflection signals after about 6000 -8000 s became smaller than 3BD. This meant that the changes after about 6000 -8000 s were on the noise levels of the background culture solution. This suggested that no or little active materials movement occurred across the cell membrane after about 6000 -8000 s, i.e., the living cells had been killed by the UV illumination. Considering that UV illumination started at about 10 min (600 s), the UV light-killing time to the living cells was calculated to be about 5400 -7400 s.
UV illumination might generate a temperature gradient in the vicinity of the cell membrane because the absorbance of the cells to UV illumination might be different from that of the culture solution. On the other hand, since the concentration coefficient was about two orders larger than the temperature coefficient of the refractive index, the temperature gradientinduced deflection signal is ignored, except for in special cases with a large temperature gradient. 6 Only little change in the deflection signal after about 6000 -8000 s in Fig. 2 verified that the temperature gradient-induced deflection signal was ignored.
The cell viability during UV illumination was determined by the traditional trypane blue method. The experimental results showed that the cell viability was about 85 -93% before UV illumination. In the UV illumination process, the cell viabilities were about 83 -92%, 5 -10%, and 0% at about 4500, 6500, and 8000 s, respectively. This meat that few of cells were killed at about 4500 s, while most of cells had been killed at about 6500 s, and all of the living cells had become dead at about 8000 s. This conclusion agreed well with that obtained by the deflection method.
As a conclusion, the deflection method could be used for the real-time noninvasive monitoring of cell death induced by UV illumination. The living HepG2 cells were killed after UV illumination of about 5400 -7400 s at a light power of 0.028 W/cm 2 . Because of UV illumination at 330 -370 nm, fluorescence of the most fluorescent dyes being used in cell researches can be excited. Therefore, the method is expected to be able to be combined with fluorescence imaging techniques to obtain more information about the cells. This method could also be used for other cells and other light-related cell/tissue studies.
